This article uses logistic growth curves to analyze and compare the historical dynamics in technology deployment and unit upscaling experimented by the three main desalination technologies: multi-effect distillation (MED), multi-flash distillation (MSF) and reverse osmosis (RO). It also explores whether these dynamics follow a number of patterns identified in another well studied technology family with increasing strategic importance for desalination, i.e. energy technologies. The analysis suggests that thermal technologies (MED and MSF) are in an advanced growth phase and approaching saturation, with deployment levels likely to peak before 2050. The logistic fit for RO lacks enough significance to derive meaningful future capacity projections. RO also shows a remarkably high average-to-maximum unit capacity ratio mirroring a modular and more granular nature. Meanwhile, the three technologies are found to meet a series of common patterns in the temporal and spatial sequence of deployment identified in energy technologies. Based on such patterns and technology natures, PV-RO hybrid systems may hold the highest potential to overcome the cost and energy footprint challenges of desalination in the future. This analysis can guide the integration of desalination into modelling frameworks intended to assess future technological scenarios to address water scarcity and sustainable development goals related challenges.
Introduction
Since the approval of the Sustainable Development Goals (SDG) Agenda in 2015, the scientific community has embarked on finding technological alternatives and combinations that help meet the SDG challenges with minimum undesired tradeoffs. Desalination is one of the technology options that can play an important role in achieving the water-related Sustainable Development Goal 6 (SDG6) and addressing future water scarcity challenges. It can provide additional water resources for human consumption and irrigation in water stressed areas [1] , while also alleviating the pressure on fresh water resources in regions with water pollution or groundwater overexploitation problems. However, desalination technologies also face a number of sustainability and competitiveness challenges, and can have direct implications for other SDGs such as those focused on energy. These challenges include reducing and decarbonizing the high energy requirements of desalination compared to conventional water supply; sustainable disposal, reduction or recycling of hyper-saline waste brines; and reducing water inputs by increasing water recovery and performance ratios, all of which ultimately reflect on the final water production costs [2] [3] [4] [5] . A number of initiatives and approaches have been developed to enhance hydrological or integrated modelling frameworks to incorporate a range of technological solutions, including desalination, with the aim of assessing various technology mix scenarios against a variety of sustainability criteria. Examples include work by Wada (2011) [6] , Kim et al. (2016) [10] . These kind of exercises undertaken outside the desalination field benefit from an understanding of some basic and comparable parameters and trends of desalination technologies, as well as of how they relate to and interact with other technologies, in order to design scenarios of future technology development. Some of these parameters include technological deployment (installed capacity or installed units), costs, and some critical sustainability indicators such as energy or water consumption. Similar exercises have been done extensively in the energy field. For instance, multiple assessments have explored the potential climate change benefits/impacts of alternative energy mix transitions [11] , or technology innovation and deployment in certain energy technology clusters (i.e. renewable energies, low carbon energies) [12] [13] [14] . These exercises have benefitted from a number of studies exploring and quantitatively assessing the evolution patterns of energy technologies [15] [16] [17] , providing useful insights for energy modelling and the energy industry. From a cross-sectoral perspective, energy consumption required to produce high quality desalinated water (and the associated effects on water cost and carbon emissions) may be the main limitation of desalination as compared to other water supply alternatives. Despite the remarkable improvements achieved in the last decades-particularly in reverse osmosis with the energy recovery systems-there are thermodynamic limitations still presenting a boundary to future energy efficiency improvements [18, 19] Parallel lines of innovation are increasingly looking at optimizing combinations of renewable energy-desalination systems to reduce this energy-for-water tradeoff. In this line, exploring commonalities in historical evolution patterns between energy and desalination technologies provides interesting insights to complement technical assessments of feasible technological combinations and their future prospects.
The present analysis is part of a broader assessment intended to describe and quantify historical dynamics of mature desalination technologies (MED, MSF and RO) across a series of dimensions, i.e., technology deployment, unit upscaling, costs, and water-energy indicators, which will serve as a basis for scenario modelling. The article focuses on the technology deployment and unit size aspects, which have a direct influence on capital costs due to economies of scale and learning processes, and pursues two objectives. First, to describe and quantify the temporal and spatial (location) dynamics of desalination technology deployment and unit upscaling. Second, to analyze whether these dynamics follow a number of common patterns identified in another well studied technology family that shows increasing strategic relevance for future desalination deployment, i.e. energy technologies. The article starts with an overview of the current technological and market status of desalination in section 2, providing the basis and logic for the selection of the three desalination technologies to be analyzed. Section 3 describes the methodological approach for various parts of the analysis. Section 4 presents the main results, followed by a discussion of the most prominent findings in section 5.
Finally, section 6 highlights the most important conclusions.
Desalination technologies and their level of technological maturity
Since the implementation of the first desalination projects in the late 1940s, desalination has moved forward in the technology innovation cycle. Several technological families and designs have emerged to reach different technological maturity and market deployment levels. Most desalination technologies are divided into two technological groups according to the principle applied for the desalination process. Technologies in the thermal family use thermal energy to heat and distil water. The main thermal technologies are multi-effect distillation (MED), multiflash distillation (MSF), and vapor compression distillation (VCD). During the 1960s, reverse osmosis (RO) emerged as the first of a second group of desalination technologies based on the use of membranes. Membrane-based technologies span reverse osmosis (RO), electrodialysis (ED), electrodialysis reversal (EDR), nanofiltration (NF), forward osmosis (FO), pulsed electrodialysis (PE), and captive deionization (CD). In addition to these major groups, other minor processes include solar desalination and freezing. The latter two processes have not yet achieved significant market success but may become valuable under special circumstances or with further development [5] . Within this technological array, MED, MSF and RO register the highest technical maturity and market deployment levels, accounting together for 92.7% of global installed desalination capacity with 8%, 11% and 73.7% shares respectively [20] . These three technologies are currently mature and established in the market [12] , and have registered considerable investment and water production cost reductions, along with substantial energy efficiency improvements [21] . These characteristics have motivated their selection as the focus of this study. Here follows a brief description of the processes and their technological status, as well as a compilation of the main technological features summarized in table 1. Multi-effect distillation (MED): MED is the oldest desalination method and is mainly applied for seawater desalination purposes. It uses the principle of alternated evaporation and condensation at reduced ambient pressure in a series of successive effects (or stages) to finally obtain a condensate of fresh water. The number of effects determines the volume of distilled water obtained and thus the performance ratio, but is limited by the total temperature range available and the minimum allowable temperature difference between consecutive effects [5] . MED plants require both thermal energy for the distillation process and electrical energy for the water pumping system, with typical value ranges of 45 -230MJ/m 3 In those cases where information on the installed capacity was missing, additional data in other sources were sough and, if not found, the projects were excluded from the analysis. The number of projects finally excluded amounted to less than 1% of the total projects. Second, a pre-screening of the percentage of projects that are currently offline due to end-of-life or decomissioning was performed in order to assess the need for assumptions on plant decommissioning rates due to industry stock ageing. Resulting percentages of offline plants over the total industry stock by 2016 2 were 7.5% for MED, 12.7% for MSF and 6.2% for RO.
However, 80-90% of the cases were categorized as 'Presumed offline' based on the average plant life and the online date. Given the relatively low percentages strongly based on assumptions, the inclusion of a decommissioning component was not deemed necessary.
As a result, the analysis was built upon data from 1,306 MED, 829 MSF and 15,776 RO projects coming online in the periods 1945-2016, 1950-2016 and 1962-2016 respectively. The limitations resulting from the adopted assumptions are discussed in section 5.3.
Logistic functions to describe technological growth patterns
In the technology innovation literature, the use of S-shaped logistic functions is a common method for describing technological growth patterns [27, 28] . Similarly, this method has been accepted and applied for trend extrapolation purposes when data cover more than half of the Scurve with high fit confidence levels [29] [30] [31] . A long record of historical evidence has shown that technologies go through a 3-stage process during their lifecycle: an initial period of slow growth, a sudden acceleration when the technology reaches high maturity and market confidence, and a final slow down until it reaches a technological deployment maximum (or saturation point) [15] . These three stages are well represented by an S-shape curve that, when fitted to the historical cumulative growth data of a given technology, allows the determination of a 3-parameter logistic function as described in equations 1 and 2.
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where K is the asymptote indicating the saturation level; b is the diffusion rate indicating the steepness; (delta t) is the time period over which y grows from 10% to 90% of K; and tm is the inflection point at K/2 where maximal growth is registered. When fitting logistic functions to historical data, the obtained K and ∆T parameters allow the characterization of the extents and rates of growth for different technologies and facilitates comparisons between them [16,32]. The suitability of this model for both types of analysis has been proven for a number of technologies [12, 16, 17] . The acceptability of the estimated logistic models was assessed based on two criteria: 1) fit quality, given by a 90% confidence level in obtained fits (adjusted R 2 ≥ 0.90); 2) sufficient data coverage of the logistic curve, given by a threshold of 60% of the estimated asymptote parameter (K), as defined by Wilson (2012) [16]. In general, it is acknowledged within the technology innovation literature that acceptable logistic fits should cover at least half of the Scurve range [30, 33] . Growth function parameters were estimated using the "Logistic Substitution Model II" or 'LSM2' software. LSM2 was developed by the International Institute of Applied Systems Analysis (IIASA) and is freely available online. 3 
Industrial growth analysis
Industrial growth refers to the rapid and extensive growth in installed capacity or installed units experimented by technologies during their lifecycle [32] . Industrial growth marks the beginning of the market-uptake period in the technology's innovation cycle when the technology becomes widely adopted over time, in space, and between different social strata [28] . Industrial growth dynamics of desalination were described by fitting logistic functions to historical data on cumulative installed capacity and cumulative installed units over time on a yearly basis. The unit level was defined as each self-functioning plant, which can be installed either individually or in series in multi-unit projects.
To account for spatial (location) deployment, the analysis was done both at the global scale and disaggregating the data into initial (core), subsequent (rim) and late stage (periphery) adopting market regions, following the categorization by Wilson (2009) [28] . Deployment regions were singled out by plotting the evolution of cumulative installed units over time by geographical regions, and grouping them based on the timing of commercial uptake and upscaling into the aforementioned market stage categories. The resulting deployment regions for the three analyzed desalination technologies is presented in table 2. 
Unit upscaling analysis
Parallel to the growth in industrial capacity, technologies usually experience a unit upscaling process, or increase in unit size [32] .
Unit upscaling dynamics were analyzed using logistic functions fitted to historical data on average capacity of unit additions and maximum capacity of the industry stock. It was estimated on a yearly basis by computing the average size of new units coming online every given year. The latter indicates the timing of the unit upscaling milestones (or the scale frontier) achieved by the industry. It was estimated by computing on a yearly basis the maximum unit capacity coming online every year and then estimating the envelope or maximum capacity registered to each given year.
Unit upscaling dynamics were also analyzed at the global scale and by market regions, using the aggregation described in the previous section. An additional sensitivity analysis was conducted for average capacity of unit additions at the global scale, since these curves would be used to build cost projection scenarios in later research stages. The analysis tested the variability in K and delta T when taking 100%, 90%, 75% and 50% of the samples and comparing the fits amongst alternative models (see supplementary material S1).
Results

Temporal and spatial growth trends
The results suggest that both thermal technologies, and especially MSF, are at an advanced stage in their technology growth curve and approaching saturation. Table 3 compiles the fit parameters and sensitivity measures for the industrial growth analysis by desalination technology and deployment region/ global level. The results for MED indicate an advanced growth stage, with higher saturation levels and longer deployment time periods (Δt) in installed units than in installed capacity, both globally and across regions. This reveals a faster growth in number of units than in installed capacity driven by a relatively delayed process of unit upscaling, as observed in figure 1 . Such an observation suggests that MED, as the first pioneer desalination technology entering the market, required long initial experimental stages (or 'formative phase') and the need to deploy a large number of small capacity units before unit upscaling was feasible. Meanwhile, the slightly higher difference in saturation levels amongst the rim, per, and global regions suggests that MED growth may continue at a slow pace featured by a small number of new units with rather large capacities. MSF registers an even more advanced growth stage than MED. Saturation levels in the core region and global regions are above 80% in both installed capacity and installed units, reaching 100% in the rim and per regions. The deployment times (Δt) are shorter for installed units than for installed capacity in this case, suggesting a relatively early and intense upscaling. Meanwhile, the cumulative and average capacity curves for both the industry and unit levels ( In contrast to the observed situation for thermal technologies, the results reveal that RO is in at earlier stage in the technology growth curve. In fact, RO has not yet reached the 60% saturation threshold in the installed capacity curve (as shown by the grey colored entries in table 3), and thus the estimated model parameters have not enough significance to make projections. The installed units curve reveals a faster growth rate, with 60% saturation exceeded in the core, rim and global regions. When comparing the extent of deployment (K) amongst technologies, prospects for RO are much higher than for thermal technologies as could be expected. However, K values for RO should be only taken as a possible scenario given the high level of uncertainty to derive projections at relatively early growth stages.
Looking at the regional deployment patterns, MED and MSF markets have been mostly concentrated in the Middle East (core region for MSF and rim region for MED). MSF and RO follow the classic core-rim-periphery sequence with progressively lower Ks and ΔTs indicating a slower but more pervasive deployment in the core region, which becomes less extensive in the rim and periphery [27] . MED presents a remarkable particularity in this respect, as deployment in the rim region reaches a significantly higher extent than in the core. These observations are further developed and contextualized in the discussion section 5.1. The analysis of unit upscaling using logistic curves provided lower quality fits, which is to be expected 7
given the high variability in yearly average capacities and dependence upon the number and characteristics 8 of the projects (presence of possible outliers). Nevertheless, several strategies were adopted to improve the 9 accuracy of the results and account for uncertainty. First, a diagnosis on a case by case basis was done to 10 identify the different types of sources of uncertainty in the irregular fits and develop a consistent set of 11 sensitivity analyses and strategies to address them. The four different types of identified uncertainty sources 12 and the strategies and criteria applied to each type are described in detail in supplementary material S2. 13
Second, a specific sensitivity analysis was performed to assess the uncertainty in average capacity of unit 14 additions fits in the global region. The results showed variabilities in Δt below 0.83%, 0.04% and 1.51% for 15 MED, MSF and RO respectively, and an exponential trend in K values towards the original value for RO, 16 and thus considered acceptable. A detailed description of the analysis is provided in supplementary material 17 S1. experiments, which may be close to giving way to the next 'growth phase'. The upscaling phase was not as 94 clear at the average unit size level, which has increased at a rather slow and gradual pace. The strong 95 differences between scales at the average and maximum capacity levels, further discussed below, suggest 96 that the growth phase may play out in increasing installed capacity through a combination of small to 97 medium unit size stand-alone plants and large multi-unit projects.
98
A second pattern refers to the spatial sequence of technology deployment, whereby technologies register 99 longer delployment times in their core regions as a result of the need for a concurrent development of know-100 how and both infrastructural and institutional settings [12, 16] . Meanwhile, the rim and periphery benefit 101 from knowledge spillovers enabling a deployment speed-up, albeit to a lesser extent due to the lack of 102 accompanying contextual settings [12, 28] . MSF and RO confirm the sequence core-rim-periphery with 103 progressively lower K (extent of deployment) and ΔT (deployment time) values, indicating a slower but 104 more pervasive deployment in the core region, and a faster but less extensive one in the rim and periphery 105 regions. However, MED deployment in the rim region reaches significantly higher extent than in the core. In 106 this case, despite the fact that MED originated and was first implemented in Western Europe and North 107 America-which constitute MED core regions-it quickly spread to the Middle East parallel to the 108 emergence of MSF. Considered as rim (as a latter implementer partially benefitting from knowledge spill 109 overs), the Middle East offered a series of facilitating conditions, i.e. extreme water stress and need for 110 additional resources, high availability of cheap thermal energy and opportunities for technological 111 combinations with thermal plants [20] . Altogether, this environment triggered a faster and more extensive 112 industrial settlement and growth accompanied by more intensive technology innovation and learning 113 processes. Meanwhile, in the initial core regions, the entry of RO in the market offering consistently lower 114 energy requirements and investment costs (amongst other technical advantages) relegated MED to a rather 115 marginal growth in specific cases, as reflected in the extremely high saturation levels reported in both 116 installed capacity and installed units (87% and 90% respectively). 117 A third pattern refers to the average/maximum capacity ratio, whereby big differences between average and 118 maximum unit capacities are associated with technologies that vary greatly in market application and 119 technological variability (i.e. gas turbines), but small differences are observed in technologies with 120 homogeneous markets (i.e. nuclear power) [16] .The shortest distance between the average and maximum 121 unit capacity curves and closest K values were reported by MSF, which is mostly devoted for municipal 122 drinking water supply (89% of installed capacity) [26] . MED and RO, with larger differences between Ks at 123 the average and maximum unit capacity levels, have more diverse market applications including municipal 124 drinking water (50% and 53.5%), industrial uses (36% and 34%) and power stations (12.16% and 6%) 125 respectively and-in additionally in the case of RO-tourist facilities (2.5%) and irrigation (2%) [26] . The 126 notably lower average/maximum capacity ratio in RO may also be influenced by other factors, such as the 127 type of feed waters and the modularity. RO is applied to treat a higher range of water salinities as compared 128 to MED and MSF, for which 89% and 90% of the installed capacity respectively operates with seawater. Looking at the growth phase with a prospective lens, the results of this study suggest that MED and 157 especially MSF are currently very close to saturation and will probably achieve their industrial deployment 158 peak before 2050. Several trend studies in the literature argue that thermal processes will remain in the 159 market because they have been widely accepted in the Arabian Gulf area and because they provide waste 160 heat recovery advantages when linked to thermal power plants [5, 20] . The regional analysis undertaken 161 highlights that growth will be mainly (and almost solely) concentrated in the Middle East, where these 162 technologies are well rooted and the local market conditions provide important incentives for their 163 deployment, i.e., addressing high water stress or due to wide availability of cheap thermal energy. 
Conclusions
239
This study has measured and discussed the historical trends in industrial deployment and unit upscaling of 240 the three main desalination technologies and explored the similarities with patterns found in a closely 241 connected and strategically important family, i.e., energy technologies. 242
The historical deployment of desalination technologies was found to follow a very clear logistic growth 243 trend in installed capacity and, to a lesser extent, in the unit size. Thermal technologies are found to be well 244 advanced in their growth curves and approaching saturation, with deployment peaks likely to occur before 245 2050. This may be explained by the lower competitiveness in costs and energy efficiency as compared to 246 RO, which has relegated the market for thermal technologies to the particular low-cost energy conditions of 247 the Middle East. Meanwhile, marginal new market opportunities for MED may come from the coupling 248 with concentration solar power. RO, in turn, reports an earlier stage in the growth curve and further room for 249 future growth. However, the uncertainty in making future growth forecasts is higher, and thus an array of 250 industrial growth scenarios may be possible driven by demand and technological factors. These could span 251 from a strictly logistic trend, through to a more drastic demand pull driven increase. At the unit level, RO 252 has a remarkably low average-to-maximum unit capacity ratio mirroring modularity and granularity. These 253 two features shared with solar PV systems may act as facilitators to speed up market uptake and expansion 254 of hybrid RO-PV systems. Furthermore, this could be prompted by the relatively high learning rates in solar 255 PV that could help push down the systems cost in the midterm future. MED and MSF, in turn, have medium 256 to high ratios closer to those of coal power plants or even nuclear power plants (the least scalable energy 257 technology). This reflects the strong association between thermal desalination and power plants, as the latter 258 present the primary historical application for thermal desalination. It also points at concentrated solar power 259 as a natural partner for hybrid renewable energy-thermal desalination, although the horizon for economic 260 competitiveness breakeven and market uptake lags considerably behind. 261 262
Overall, desalination technologies are found to follow several patterns similar to those of energy 263 technologies in the temporal and spatial sequence of technology deployment. An exception is found in MED 264 reaching further expansion and pervasiveness in its rim region (Middle East) than in the core region (Europe  265 and North America), driven by the particularly favorable market conditions offered by the Middle East. 266 267
These findings provide important insights that should be taken into account by modelling frameworks 268 integrating desalination as a possible solution to address water scarcity challenges and pathways to achieve 269 SDG targets, and/or to optimize water-energy-land resource management. In particular, they can prevent 270 excessively optimistic and unrealistic assumptions of future desalination capacity that overestimate or 271 overemphasize the potential of desalination to alleviate water stress, which may promote water supply 272 focused approaches to the problem undermining the water demand management side. 273 274 
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